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Due to the importance of fat tissues in both energy balance and in the associated disorders arising when such balance is not
maintained, adipocyte diﬀerentiation has been extensively investigated in order to control and inhibit the enlargement of white
adipose tissue. The ability of a cell to undergo adipocyte diﬀerentiation is one particular feature of all mesenchymal cells. Up
until now, the peroxysome proliferator-activated receptor (PPAR) subtypes appear to be the keys and essential players capable
of inducing and controlling adipocyte diﬀerentiation. In addition, it is now accepted that adipose cells present a broad plasticity
that allows them to diﬀerentiate towards various mesodermal phenotypes. The role of PPARs in such plasticity is reviewed here,
although no deﬁnite conclusion can yet be drawn. Many questions thus remain open concerning the deﬁnition of preadipocytes
and the relative importance of PPARs in comparison to other master factors involved in the other mesodermal phenotypes.
Copyright © 2007 Louis Casteilla et al.Thisisanopen access article distributedunderthe Creative CommonsAttributionLicense,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
1. INTRODUCTION
Adipose tissues have long been associated with the invasive
prevalence of obesity and metabolic disorders. Recent ad-
vances have focused the attention on the presence of in-
triguing cells able to diﬀerentiate towards various pheno-
types and recall the old use of fat in plastic and reconstruc-
tive surgery [1–3]. Two rather distinct medical and scientiﬁc
domains share these perspectives but irrespective of ﬁeld, a
good understanding of adipogenesis is absolutely requisite to
manipulating and controlling adipocyte diﬀerentiation. This
point is emphasized by the fact that adipocyte diﬀerentiation
belongs to the mesenchymal stroma or stem cell hallmark.
We thus should consider that any of these cells can acquire
the adipocyte phenotype depending on its environment. In
thisview,peroxysomeproliferator-activatedreceptor(PPAR)
family of transcription factors appears to be a key and un-
avoidable actor.
After a brief overview on adipose tissues, this review will
focus on the importance of PPARs and PPARγ in particular
in adipose-derived cell phenotype and plasticity.
2. ADIPOSE TISSUES: WHAT ROLE DO PPARS PLAY?
2.1. Adiposetissueoradiposetissues?
Three functionally diﬀerent types of adipose tissues are de-
scribed in mammals: brown adipose tissue (BAT), white
adipose tissue (WAT), and bone-marrow adipose tissue
(BMAT) [4–6].
BAT and WAT participate diﬀerently in energy balance
and homeostasis. BAT is heavily involved in nonshivering
thermogenesis (cold and diet-induced thermogenesis). In
contrast, WAT is mainly involved in energy storage and is
now considered an endocrine organ [4–7]. Brown and white
adipocytes similarly display lipogenesis, triglyceride accu-
mulation, and lipolysis, but brown adipocytes are also spe-
cialized in energy dissipation in the form of heat. These
cells are smaller than white adipocytes, contain abundant
mitochondria and highly express the uncoupling protein-
1 (UCP-1) [8]. This protein, by uncoupling ATP synthesis
from the respiratory-chain function, subsequently promotes
the dissipation of energy as heat [9]. It is noteworthy that
only 40%–60% of the whole cell population in BAT as well
as in WAT is composed of mature adipocytes. Endothelial,
haematopoietic cells, and adipocyte precursors, the so-called
preadipocytes, or adipose-derived stromal cells (ASCs) are
also found in adipose tissues [10]. It has long been known
that adipocyte precursors are present throughout adulthood
and can proliferate and/or be recruited depending on physi-
ological or physiopathological situations [7]. BAT and WAT
develop at speciﬁc and diﬀerent locations and WATs various
locations also determine its diﬀerent metabolic and molecu-
lar features [11, 12].2 PPAR Research
In contrast to brown and white adipocytes, the role of
medullar adipocytes has been poorly investigated and is not
well-understood [5]. The number and size of adipocytes
seem to be inversely correlated to haematopoietic activity
in bone marrow based on the physiological or physiopatho-
logical situation. Nevertheless, it is noteworthy that many
scattered adipocytes are observed in active haematopoietic
bone marrow. Highly similar gene expression has been de-
scribedbetweenhumansubcutaneousandmedullarymature
adipocytes, suggesting that medullary adipocytes may share
someofthefunctionsexhibitedbysubcutaneousandvisceral
adipocytes [13].
Beside the physiological anatomy of adipose tissues, ec-
topic location of adipocytes is also observed in degenerative
tissues. The origin of these adipocytes inﬁltrating the degen-
erative tissues is still unclear.
2.2. PPARsandwhiteadipocytedifferentiation
As usual in any diﬀerentiation program, a subtle balance
and interconnection exist between cell cycle and commit-
ment to adipocyte diﬀerentiation. In this context, overex-
pression of both C/EBPα and PPARγ, mediates the cell cy-
cle arrest after clonal expansion. Indeed, PPARγ induces
cell cycle withdrawal by the inhibition of the transcription
factor E2F/DP DNA-binding activity via downregulation of
the protein phosphatase 2A (PP2A) [14]. In the opposite,
E2Fs trigger clonal expansion, and terminal adipocyte dif-
ferentiation through regulation of PPARγ expression [15].
In the same manner, p107 protein belonging to retinoblas-
toma family is also involved in regulating PPARγ and its re-
covery into deﬁcient cells reduces adipocyte diﬀerentiation
through the downregulation of PPARγ activity [16]. The po-
tency of PPARγ and its interplay with cell cycle is illustrated
by a report studying liposarcoma cells. Treating cells from
these aggressive tumours with ligands for both PPARγ and
the retinoid X receptor (RXR) forces their terminal diﬀeren-
tiation [17]. Indeed, the antiproliferative activity of PPARγ is
now investigated to limit and treat tumour cell proliferation
althoughseveralPPARγ ligand-mediatedantiproliferativeef-
fectsactthroughacomplexityofPPARγ-independent mech-
anisms [18]. Nevertheless, this antigrowth eﬀect seems to be
speciﬁc to cell type because PPARγ activation promotes the
proliferation of neural stem cells [19], instead of their diﬀer-
entiation.
The crucial role for PPARγ as a dominant regulator
of white-adipocyte diﬀerentiation is now well documented
and largely reviewed [20, 21]. It interplays with several
other nuclear factors such as CAAT Enhancer Binding Pro-
tein (C/EBP) and Sterol regulatory element-binding proteins
(SREBP) families and numerous coactivators or corepres-
sors. The use of genetic ablated cells demonstrates that while
the lack of C/EBPα can be overcome by the overexpression of
PPARγ, the opposite does not hold true that PPARγ is abso-
lutely required for the adipogenic program [22]. During this
program, the expression of both factors is interdependent
not only in promoting adipocyte diﬀerentiation but also in
sustaining and maintaining the fully diﬀerentiated adipocyte
phenotype. Any signal able to modulate one or the other
of both transcription factors subsequently induces change
in adipocyte diﬀerentiation. Thus, insulin/IGF-I signalling
modulates adipogenesis by the upregulation of PPARγ ex-
pression via the insulin/IGF-I receptor-AktSH2-B-Foxo1-
pathway [23].
Whereas PPARγ was described as a factor involved in
white adipocyte diﬀerentiation, PPARα and δ were described
for their role in fatty acid oxidation in several tissues includ-
ingadiposetissue[24–27].However,gain-of-functionexper-
iments suggest that both PPARδ and PPARγ isoforms are re-
quired to facilitate maximal lipid accumulation and diﬀeren-
tiation during white adipogenesis [28].
As PPARγ stimulates white adipogenesis, its negative
control inhibits this process. In this way, hypoxia-mediated
inhibition of adipogenesis can be partly explained via the
repression of PPARγ expression by the hypoxia-inducible
factor-1 (HIF-1)-regulated gene DEC1/Stra13, a member of
the Drosophila hairy/enhancer of split transcription repres-
sor family. Similarly, the inhibition of adipogenesis by cy-
tokines is mediated via the repression of PPARγ function
through kinase cascade [29, 30]. It has also been demon-
strated that the constitutive expression of GATA-2 and
GATA-3 resulted in a decrease in PPARγ expression and a
consequent inhibition of adipocyte diﬀerentiation [31].
2.3. Preadipocytes,circulatingcells,andPPARs
Theﬁrstreportinthisﬁeldwaspublishedin2005.Itsauthors
described a circulating human cell population able to diﬀer-
entiate towards adipocytes when cultured under adipogenic
conditions. Moreover, these human progenitors engrafted
and formed adipose tissue following injection into SCID
mice[32].Thisreportisnowsupportedbyarecentinvestiga-
tion suggesting that new fat cells arise not only from resident
precursor cells within the tissue, but also from other sources,
such as BM-derived circulating progenitor cells. One diﬀer-
ence between both reports is the nature of the newly-formed
adipocytes. In the ﬁrst study, unilocular white adipocytes
were observed whereas in the second, mutlilocular cells, ex-
pressing low levels of UCP1, were detected. In this work,
the appearance of bone-marrow-derived adipocytes in the
fat pad is triggered by PPARγ ligand [33]. No explanation
is proposed for this eﬀect of PPARγ ligand, although it ap-
pears to be at least partly a speciﬁc mechanism because this
phenomenon is not totally reproduced by a high fat diet.
Obviously, the underlined mechanisms and the relevance
of such observations need further investigation, but could
participate in the ectopic emergence of fat cells through
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scattered brown adipocytes are present in any white adipose
depot also in primates [34, 35]. Furthermore, brown fat can
extensively change into white-like fat and conversely, accord-
ing to physiological or physiopathological situations and the
species [36]. These properties led us to use the term “plas-
ticity of adipose tissue.” The main pitfall is that a lack of un-
coupling protein-1 (UCP-1) expression is taken as the gold
standard for white fat and no positive marker is yet char-
acterized to clearly identify white adipose phenotype. Thus,
with the present knowledge, it is not possible to determine
whether brown adipocytes can be transformed into white-
like adipocytes with diﬀerent metabolic properties (termed
masked brown adipocyte) or into true white fat cells. The es-
tablishment of diﬀerent preadipocyte cell lines and the use of
primary culture favor the existence of distinct precursor cells
[4]. First depending upon the origin of cultured cells (i.e.,
from brown or white fat) a corresponding brown or white
mature phenotype is obtained [37]. Second, genetic manip-
ulations allowing irreversible labelling of brown adipocytes
show that they do not convert into white adipocytes dur-
ing normal mouse development [38]. Third, no diﬀerenti-
ation of pluripotent mouse embryonic stem cells into brown
adipocytes even after PPARγ activation take place whereas
white phenotype can be easily obtained [39]. In this regard,
it is noteworthy that brown adipocyte is the only cell type
that coexpresses high levels of the three PPAR subtypes. Fur-
thermore, PPARα and PPARγ are strictly subjected to oppo-
site regulation by retinoids in brown fat, supporting the no-
tion of speciﬁc physiological roles of each transcription fac-
tor in controlling brown fat diﬀerentiation and thermogenic
activity [40]. A further step was undertaken when PGC-1,
for PPARγ coactivator 1, was identiﬁed in brown fat. Ini-
tially claimed as a speciﬁc factor to brown fat, it was pro-
posed to be a coactivator involved in brown versus white
adipocyte diﬀerentiation. This coactivator has been shown
to control a subset of genes involved in mitochondrial ac-
tivity and biogenesis [21, 41]. This is consistent with the
adenovirus-mediated expression of human PGC-1α that in-
creases the expression of UCP1, respiratory chain proteins,
andfattyacidoxidationenzymesinhumanadipocytesdiﬀer-
entiated in primary culture [42]. Nevertheless it appears that
this protein displays numerous functions in many tissues, all
ofthemrelatedtomitochondrialfunction[43].Otherfactors
havebeen proposed tobe centralswitchesforwhitetobrown
adipocyte diﬀerentiation, including the retinoblastoma pro-
tein [44] and the corepressor RIP140 [45].
3. PPARS AND MESODERMAL FATES
Although, it is well admitted that adipose cells arise from
mesodermal origin, the exact origin of adipocyte precursors
is not well deﬁned as illustrated by the recent work on circu-
lating adipose precursors [32]. Recently, it appears that cells
named previously preadipocytes can diﬀerentiate towards
v a r i o u sm e s o d e r m a lo r i g i n s[ 46–48]. These cells were thus
named adipose derived stromal cells (ADSC). Conversely,
it seems thatadipocyte phenotype could be obtained from
diﬀerent cells including myoblasts [49]. PPARs may thus be
involved in the preferential cell commitment towards one or
the other lineage and/or in maintaining pluripotency. These
aspects are discussed in the second part of this review.
3.1. Adipocyteversusosteogenicpotential
Many reports have demonstrated that adipocytes and os-
teoblasts share a common precursor. Osteoblastic genes are
expressed in cell lines able to diﬀerentiate towards adipocyte.
Bipotent cells with features speciﬁc to both osteoblasts and
preadipose cells have been cloned from bone marrow [50]
and more recently from human adipose tissue [47, 48, 51,
52]. Recently, Birk et al. have shown that the 3T3-F442A
preadipocyte clonal cell line diﬀerentiate into osteoblasts
[53]. It has also been reported that stromal colonies, either
undiﬀerentiated or diﬀerentiated into matureadipocytes, are
able to give rise to osteogenic cells when transplanted in in-
traperitonealdiﬀusionchambers.Theseobservationssuggest
that stromal cells, ﬁrst diﬀerentiated along the adipogenic
lineage, are able to dediﬀerentiate and then to rediﬀerentiate
in an osteoblastic phenotype.
Several transcription factors, such as PPARγ and Runx2,
have been proposed as playing a critical role in the commit-
ment of bipotent stem cells towards the adipogenic or the os-
teogeniclineages[54].However,ithastobenotedthattheef-
fect of genes of interest are often investigated in diﬀerent cell
lines already committed in either one or the other lineage,
making dubious their role in the regulation of the commit-
ment of a multipotent stem cell. For example, ectopic over-
expressionofadipogenictranscriptionfactorssuchasPPARγ
induces transdiﬀerentiation of mouse osteoblastic MC3T3-
E1 cells into mature adipocytes [55]. A unique investigation
really addressed the issue of the commitment of stem cells on
embryonic stem (ES) cells. In this report, the authors tran-
siently suppressed PPARγ expression. This genetic manip-
ulation directs ES cells into an osteoblastic lineage suggest-
ing that PPARγ can be considered a proadipogenic as well as
an anti-osteoblastic factor [56]. The role of the transcription
factordeltaFosBhasbeeninvestigatedinfurtherdetail.Over-
expression of deltaFosB under the control of a promoter-
driving transgene both in osteoblasts and adipocytes led to
increased bone mass and decreased adipocyte formation.
Given the assumption of a reciprocal development of both
lineages, it has been proposed that diﬀerentiation into one
cell type could be a consequence of the action of deltaFosB
in the other [57]. More recently, elegant experiments from
the same group generating transgenic mice that express
deltaFosB in a bone-speciﬁc manner, led the authors to con-
clude that the change in osteoblast and adipocyte diﬀeren-
tiation results from independent cell-autonomous mecha-
nisms [58]. Therefore, factors playing a role in the switch
of stem-cell diﬀerentiation towards the adipogenic or os-
teogenic lineages remain to be deﬁnitively identiﬁed. The 14-
3-3-binding protein, TAZ (transcriptional coactivator with
PDZ-binding motif), which coactivates Runx2-dependent
gene transcription while repressing PPARγ-dependent gene
transcription could be also involved [59].4 PPAR Research
3.2. MyoblastandPreadipocyte
The deciphering and understanding of myogenesis is far be-
yond our current understanding of adipogenesis, but both
programs are closely linked by their mesodermal origin and
the well-described emergence of adipocytes in denervated
muscle. From such observations, the question of a putative
role of PPARs in directing cell fate towards one of the dif-
ferentiation programs seems reasonable. As described for ﬁ-
broblasts, overexpression of PPARγ or activation through its
ligands in satellite cells transdiﬀerentiates myoblasts towards
the adipogenic phenotype. This characteristic is shared by
the other key adipogenic factor, C/EBPα [60]. This transdif-
ferentiation was observed for myoblasts in all mammals and
during the whole development [49]. In addition, the activa-
tion of PPARδ abolishes the development of multinucleated
myotubeswhileinducingtheexpressionofPPARγ gene.Loss
and gain function experiments are consistent with a role for
PPARδ as an inducer of transdiﬀerentiation into adipocyte-
likecells,whichprecedesandtriggersPPARγ expression[61].
Ontheotherhand,PPARγ canbecontr olledbyWntpr o-
teinsandespeciallyWnt1andWnt-10bthatgovernadipoge-
nesis.Indeed,PPARγaswellasC/EBPproteinsisinhibitedby
Wnt signalling, which in turn maintains preadipocytes in an
undiﬀerentiatedstate.WhenWntsignallinginpreadipocytes
is prevented by the overexpression of Axin or dominant-
negative T-Cell Factor-4 (TCF4), these cells diﬀerentiate into
adipocytes. These results are strengthened by the fact that
the lack of Wnt signalling also induces transdiﬀerentiation
of myoblasts into adipocytes [62]. However, the relation-
ship between Wnt signalling and PPARγ seems to be com-
plex because the impairment or activation of Glycogen Syn-
thase Kinase-3β (GSK3β)/β-catenin only aﬀects a subset of
PPARγ-dependent genes [63].
Finally, it has been suggested that myostatin, a potent
negative regulator of skeletal muscle growth member of
the transforming growth factor beta (TGF-β) family, blocks
adipocyte diﬀerentiation via down regulation of PPARγ in
3T3-L1 [64]. However, recent data reports that in pluripo-
tent C3H10T1/2 cell line, myostatin treatment may promote
the diﬀerentiation of multipotent mesenchymal cells into the
adipogenic lineage and inhibit myogenesis [65, 66].
3.3. Preadipocytesandmacrophages
Analysis of the literature lined out that adipocyte and
monocyte/macrophage lineages have many features in com-
mon including aP2 and PPAR expression. More surpris-
ingly, we demonstrated that preadipocytes eﬃciently phago-
cytoze yeasts and apoptotic bodies in a similar manner,
albeit to a lesser extent, than specialized phagocytic cells
such as macrophages [67, 68]. This suggests the involve-
ment of adipocyte progenitors in tissue remodelling and
plasticity through the discarding of apoptotic bodies. A
proﬁling analysis between adipocyte and macrophage lin-
eages expanded the known similarities between these cell
phenotypes [69]. Finally, preadipocytes can be very rapidly
converted into macrophage-like cells when injected into
the peritoneal cavity, considered a likely environment for
supporting macrophage phenotype [69]. The rapidkinet-
ics of change suggests a transdiﬀerentiation process and/or
a stronger lineage relationship between adipocyte progeni-
tors and macrophages than expected. Since only 80% of the
macrophages come from bone marrow in obesity [70], one
could thus postulate that the remaining 20% of adipose-
tissue-resident macrophages derive from preadipocytes. Ac-
cording to the importance of PPARγ to direct cells towards
adipocyte diﬀerentiation, it is reasonable to wonder if PPARs
could be involved in such plasticity.
PPARγ isexpressedatlowlevelsincirculatingmonocytes
anditsexpressionincreasessigniﬁcantlyupondiﬀerentiation
to macrophages, including in the foam cells of atheroscle-
rotic lesions. Numerous studies have thus focused on its role
in macrophage metabolism and activation and its possible
involvement in the process of atherosclerosis. These stud-
ies have provided evidence supporting a role of PPARγ in
both lipid uptake and lipid eﬄux pathways in macrophages
[71]. The fact that PPARγ could inﬂuence both lipid uptake
and eﬄux raised the question of whether the net eﬀect of
PPARγ ligands on macrophages within an atherosclerotic le-
sion would be to promote or impede foam cell formation.
PPARγ is not essential for myeloid development or for ma-
turemacrophagefunctions,suchasphagocytosisandinﬂam-
matory cytokine production [72]. It is also a negative regula-
tor of macrophage activation and inhibits macrophage pro-
duction of inﬂammatory cytokines, although some of this
activity may not be mediated by PPARγ [73]. In addition,
PPARγ agonists inhibit foam-cell formation in vivo [74].
However, such an eﬀect could be cell-type dependent [75].
Although PPARγ seems fundamental in preadipocyte and
macrophage biology, adipocytes and foam cells are probably
distinct cell types and thus far no study has described a po-
tential role of PPARγ in the diﬀerentiation of preadipocytes
into macrophage-like cells.
4. CONCLUSION
The importance and the role of PPARs in adipogenic process
is deﬁnitively demonstrated and brought numerous new in-
sights in our understanding of adipogenesis but many ques-
tionsremainopenconcerningthedeﬁnitionofpreadipocytes
and the relative importance of PPARs compared to other
master genes involved in other mesodermal phenotypes.
Altogether, the negative regulation of several master pro-
teins involved in other mesodermal diﬀerentiation programs
suggests that at least PPARγ can play its role only when
all negative regulators are missing. This could suggest that
preadipocyte status results from a default pathway.
Similarly, the tissue origin of preadipocytes is now chal-
lenged and needs to be clariﬁed because it can help to build
a more dynamic view of adipose tissue development and the
role of PPAR proteins.
ACKNOWLEDGMENT
The authorswouldlike tothank M.Healeyforcarefulmanu-
script reading.Louis Casteilla et al. 5
REFERENCES
[1] R. Ellenbogen, “Free autogenous pearl fat grafts in the face—
a preliminary report of a rediscovered technique,” Annals of
Plastic Surgery, vol. 16, no. 3, pp. 179–194, 1986.
[2] T. A. Moseley, M. Zhu, and M. H. Hedrick, “Adipose-derived
stem and progenitor cells as ﬁllers in plastic and reconstruc-
tive surgery,” Plastic and Reconstructive Surgery, vol. 118, no. 3
supplement, pp. 121S–128S, 2006.
[3] M. S. Stosich and J. J. Mao, “Adipose tissue engineering
from human adult stem cells: clinical implications in plastic
andreconstructivesurgery,”PlasticandReconstructiveSurgery,
vol. 119, no. 1, pp. 71–83, 2007.
[4] G. Ailhaud, P. Grimaldi, and R. N´ egrel, “Cellular and molec-
ular aspects of adipose tissue development,” Annual Review of
Nutrition, vol. 12, pp. 207–233, 1992.
[5] J.M.Gimble, “Thefunction ofadipocytes inthe bone marrow
stroma,” New Biologist, vol. 2, no. 4, pp. 304–312, 1990.
[6] J.Himms-Hagen,“Brownadiposetissuethermogenesis:inter-
disciplinary studies,” FASEB Journal, vol. 4, no. 11, pp. 2890–
2898, 1990.
[7] G. Ailhaud, “Adipose tissue as an endocrine organ,” Inter-
national Journal of Obesity and Related Metabolic Disorders,
vol. 24, supplement 2, pp. S1–S3, 2000.
[8] S. Klaus, L. Casteilla, F. Bouillaud, and D. Ricquier, “The un-
coupling protein UCP: a membraneous mitochondrial ion
carrier exclusively expressed in brown adipose tissue,” Inter-
national Journal of Biochemistry, vol. 23, no. 9, pp. 791–801,
1991.
[9] D. G. Nicholls and R. M. Locke, “Thermogenic mechanisms
in brown fat,” Physiological Reviews, vol. 64, no. 1, pp. 1–64,
1984.
[10] B. Prunet-Marcassus, B. Cousin, D. Caton, M. Andr´ e, L.
P´ enicaud, and L. Casteilla, “From heterogeneity to plasticity
in adipose tissues: site-speciﬁc diﬀerences,” Experimental Cell
Research, vol. 312, no. 6, pp. 727–736, 2006.
[11] S. Klaus and J. Keijer, “Gene expression proﬁling of adipose
tissue: individual, depot-dependent, and sex-dependent vari-
abilities,” Nutrition, vol. 20, no. 1, pp. 115–120, 2004.
[12] B. L. Wajchenberg, “Subcutaneous and visceral adipose tissue:
their relation to the metabolic syndrome,” Endocrine Reviews,
vol. 21, no. 6, pp. 697–738, 2000.
[13] D. L. Mackay, P. J. Tesar, L.-N. Liang, and S. E. Haynesworth,
“Characterizing medullary and human mesenchymal stem
cell-derived adipocytes,” Journal of Cellular Physiology,
vol. 207, no. 3, pp. 722–728, 2006.
[14] S. Altiok, M. Xu, and B. M. Spiegelman, “PPARγ induces cell
cycle withdrawal: inhibition of E2f/DP DNA-binding activ-
ity via down-regulation of PP2A,” Genes and Development,
vol. 11, no. 15, pp. 1987–1998, 1997.
[15] L. Fajas, R. L. Landsberg, Y. Huss-Garcia, C. Sardet, J. A. Lees,
and J. Auwerx, “E2Fs regulate adipocyte diﬀerentiation,” De-
velopmental Cell, vol. 3, no. 1, pp. 39–49, 2002.
[16] M. Classon, B. K. Kennedy, R. Mulloy, and E. Harlow, “Op-
posing roles of pRB and p107 in adipocyte diﬀerentiation,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 97, no. 20, pp. 10826–10831, 2000.
[17] P. Tontonoz, S. Singer, B. M. Forman, et al., “Terminal diﬀer-
entiation of human liposarcoma cells induced by ligands for
peroxisome proliferator-activated receptor γ and the retinoid
Xr e c e p t o r , ”Proceedings of the National Academy of Sciences of
the United States of America, vol. 94, no. 1, pp. 237–241, 1997.
[18] J.-R. Weng, C.-Y. Chen, J. J. Pinzone, M. D. Ringel, and C.-
S. Chen, “Beyond peroxisome proliferator-activated receptor
γ signaling: the multi-facets of the antitumor eﬀect of thia-
zolidinediones,” Endocrine-Related Cancer, vol. 13, no. 2, pp.
401–413, 2006.
[19] K. Wada, A. Nakajima, K. Katayama, et al., “Peroxisome
proliferator-activated receptor γ-mediated regulation of neu-
ral stem cell proliferation and diﬀerentiation,” Journal of Bio-
logical Chemistry, vol. 281, no. 18, pp. 12673–12681, 2006.
[20] B. M. Spiegelman, “PPAR-γ: adipogenic regulator and thia-
zolidinedione receptor,” Diabetes, vol. 47, no. 4, pp. 507–514,
1998.
[21] B. M. Spiegelman, P. Puigserver, and Z. Wu, “Regulation of
adipogenesis and energy balance by PPARγ and PGC-1,” In-
ternational Journal of Obesity and Related Metabolic Disorders,
vol. 24, supplement 4, pp. S8–S10, 2000.
[22] E. D. Rosen, “The transcriptional basis of adipocyte develop-
ment,” Prostaglandins Leukotrienes and Essential Fatty Acids,
vol. 73, no. 1, pp. 31–34, 2005.
[23] D. Yoshiga, N. Sato, T. Torisu, et al., “Adaptor protein SH2-B
linking receptor-tyrosine kinase and Akt promotes adipocyte
diﬀerentiationbyregulatingperoxisomeproliferator-activated
receptor γ messenger ribonucleic acid levels,” Molecular En-
docrinology, vol. 21, no. 5, pp. 1120–1131, 2007.
[24] A. Fredenrich and P. A. Grimaldi, “PPAR delta: an uncom-
pletely known nuclear receptor,” Diabetes and Metabolism,
vol. 31, no. 1, pp. 23–27, 2005.
[25] R. M. Evans, G. D. Barish, and Y.-X. Wang, “PPARs and the
complex journey to obesity,” Nature Medicine, vol. 10, no. 4,
pp. 355–361, 2004.
[26] M. Carmona, K. Louche, M. Nibbelink, et al., “Fenoﬁbrate
prevents Rosiglitazone-induced body weight gain in ob/ob
mice,” International Journal of Obesity, vol. 29, no. 7, pp. 864–
871, 2005.
[27] P. Li, Z. Zhu, Y. Lu, and J. G. Granneman, “Metabolic and cel-
lular plasticity in white adipose tissue II: role of peroxisome
proliferator-activated receptor-α,” American Journal of Phys-
iology - Endocrinology and Metabolism, vol. 289, no. 4, pp.
E617–E626, 2005.
[ 2 8 ]K .M a t s u s u e ,J .M .P e t e r s ,a n dF .J .G o n z a l e z ,“ P P A R β/δ po-
tentiates PPARγ-stimulated adipocyte diﬀerentiation,” FASEB
Journal, vol. 18, no. 12, pp. 1477–1479, 2004.
[29] Z. Yun, H. L. Maecker, R. S. Johnson, and A. J. Giaccia, “Inhi-
bitionofPPARγ2geneexpressionbytheHIF-1-regulatedgene
DEC1/Stra13: a mechanism for regulation of adipogenesis by
hypoxia,” Developmental Cell, vol. 2, no. 3, pp. 331–341, 2002.
[30] M. Suzawa, I. Takada, J. Yanagisawa, et al., “Cytokines
suppress adipogenesis and PPAR-γ function through the
TAK1/TAB1/NIK cascade,” Nature Cell Biology, vol. 5, no. 3,
pp. 224–230, 2003.
[31] Q. Tong, G. Dalgin, H. Xu, C.-N. Ting, J. M. Leiden, and G.
S. Hotamisligil, “Function of GATA transcription factors in
preadipocyte-adipocytetransition,”Science,vol.290,no.5489,
pp. 134–138, 2000.
[32] K. M. Hong, M. D. Burdick, R. J. Philips, D. Heber, and R. M.
Strieter, “Characterization of human ﬁbrocytes as circulating
adipocyte progenitors and the formation of human adipose
tissue in SCID mice,” FASEB Journal, vol. 19, no. 14, pp. 2029–
2031, 2005.
[33] J. T. Crossno Jr., S. M. Majka, T. Grazia, R. G. Gill, and D.
J. Klemm, “Rosiglitazone promotes development of a novel
adipocyte population from bone marrow-derived circulating
progenitor cells,” Journal of Clinical Investigation, vol. 116,
no. 12, pp. 3220–3228, 2006.6 PPAR Research
[34] B. Cousin, S. Cinti, M. Morroni, et al., “Occurrence of
brown adipocytes in rat white adipose tissue: molecular
and morphological characterization,” Journal of Cell Science,
vol. 103, part 4, pp. 931–942, 1992.
[35] N. Viguerie-Bascands, A. Bousquet-M´ elou, J. Galitzky, et al.,
“Evidence for numerous brown adipocytes lacking functional
β 3-adrenoceptors in fat pads from nonhuman primates,”
Journal of Clinical Endocrinology and Metabolism, vol. 81,
no. 1, pp. 368–375, 1996.
[36] S. Cinti, “The adipose organ,” Prostaglandins Leukotrienes and
Essential Fatty Acids, vol. 73, no. 1, pp. 9–15, 2005.
[37] L. Casteilla, J. Nougu` es, Y. Reyne, and D. Ricquier, “Diﬀeren-
tiation of ovine brown adipocyte precursor cells in a chemi-
cally deﬁned serum-free medium. Importance of glucocorti-
coids and age of animals,” European Journal of Biochemistry,
vol. 198, no. 1, pp. 195–199, 1991.
[38] K. Moulin, N. Truel, M. Andr´ e, et al., “Emergence during
development of the white-adipocyte cell phenotype is inde-
pendent of the brown-adipocyte cell phenotype,” Biochemical
Journal, vol. 356, part 2, pp. 659–664, 2001.
[39] C. Dani, A. G. Smith, S. Dessolin, et al., “Diﬀerentiation of
embryonic stem cells into adipocytes in vitro,” Journal of Cell
Science, vol. 110, part 11, pp. 1279–1285, 1997.
[40] A. Valmaseda, M. Carmona, M. J. Barber´ a, et al., “Opposite
regulation of PPAR-α and -γ gene expression by both their lig-
ands and retinoic acid in brown adipocytes,” Molecular and
Cellular Endocrinology, vol. 154, no. 1-2, pp. 101–109, 1999.
[41] P. Puigserver, Z. Wu, C. W. Park, R. Graves, M. Wright, and
B. M. Spiegelman, “A cold-inducible coactivator of nuclear re-
ceptors linked to adaptive thermogenesis,” Cell, vol. 92, no. 6,
pp. 829–839, 1998.
[42] C. Tiraby, G. Tavernier, C. Lefort, et al., “Acquirement of
brown fat cell features by human white adipocytes,” Journal of
Biological Chemistry, vol. 278, no. 35, pp. 33370–33376, 2003.
[43] C. Handschin and B. M. Spiegelman, “Peroxisome prolif-
erator-activated receptor γ coactivator 1 coactivators, energy
homeostasis, and metabolism,” Endocrine Reviews, vol. 27,
no. 7, pp. 728–735, 2006.
[44] J. B. Hansen, C. Jørgensen, R. K. Petersen, et al., “Retinoblas-
toma protein functions as a molecular switch determining
white versus brown adipocyte diﬀerentiation,” Proceedings of
the National Academy of Sciences of the United States of Amer-
ica, vol. 101, no. 12, pp. 4112–4117, 2004.
[45] M. Christian, E. Kiskinis, D. Debevec, G. Leonardsson, R.
White, and M. G. Parker, “RIP140-targeted repression of
geneexpressioninadipocytes,” MolecularandCellularBiology,
vol. 25, no. 21, pp. 9383–9391, 2005.
[46] L. Casteilla and C. Dani, “Adipose tissue-derived cells: from
physiology to regenerative medicine,” Diabetes and Metabo-
lism, vol. 32, no. 5, part 1, pp. 393–401, 2006.
[47] J. M. Gimble and F. Guilak, “Adipose-derived adult stem cells:
isolation, characterization, and diﬀerentiation potential,” Cy-
totherapy, vol. 5, no. 5, pp. 362–369, 2003.
[48] P. A. Zuk, M. Zhu, P. Ashjian, et al., “Human adipose tissue
is a source of multipotent stem cells,” Molecular Biology of the
Cell, vol. 13, no. 12, pp. 4279–4295, 2002.
[49] K. Yamanouchi, A. Ban, S. Shibata, T. Hosoyama, Y. Mu-
rakami, and M. Nishihara, “Both PPARγ and C/EBPα are suf-
ﬁcient to induce transdiﬀerentiation of goat fetal myoblasts
into adipocytes,” 2007, to appear in Journal of Reproduction
and Development.
[50] M. F. Pittenger, A. M. Mackay, S. C. Beck, et al., “Multilin-
eage potential of adult human mesenchymal stem cells,” Sci-
ence, vol. 284, no. 5411, pp. 143–147, 1999.
[51] A.-M.Rodriguez,D.Pisani,C.A.Dechesne,etal.,“Transplan-
tation of a multipotent cell population from human adipose
tissue induces dystrophin expression in the immunocompe-
tent mdx mouse,” Journal of Experimental Medicine, vol. 201,
no. 9, pp. 1397–1405, 2005.
[52] M. E. Nuttall and J. M. Gimble, “Controlling the balance
between osteoblastogenesis and adipogenesis and the conse-
quent therapeutic implications,” Current Opinion in Pharma-
cology, vol. 4, no. 3, pp. 290–294, 2004.
[ 5 3 ]R .Z .B i r k ,L .A b r a m o v i t c h - G o t t l i b ,I .M a r g a l i t ,e ta l . ,“ C o n -
version of adipogenic to osteogenic phenotype using crys-
talline porous biomatrices of marine origin,” Tissue Engineer-
ing, vol. 12, no. 1, pp. 21–31, 2006.
[ 5 4 ]J .M .G i m b l e ,S .Z v o n i c ,Z .E .F l o y d ,M .K a s s e m ,a n dM .E .
Nuttall, “Playing with bone and fat,” Journal of Cellular Bio-
chemistry, vol. 98, no. 2, pp. 251–266, 2006.
[55] S. W. Kim, S. J. Her, S. Y. Kim, and C. S. Shin, “Ectopic overex-
pression of adipogenic transcription factors induces transdif-
ferentiation of MC3T3-E1 osteoblasts,” Biochemical and Bio-
physical Research Communications, vol. 327, no. 3, pp. 811–
819, 2005.
[56] A. Yamashita, T. Takada, K. Nemoto, G. Yamamoto, and R.
Torii, “Transient suppression of PPARγ directed ES cells into
an osteoblastic lineage,” FEBS Letters, vol. 580, no. 17, pp.
4121–4125, 2006.
[57] G. Sabatakos, N. A. Sims, J. Chen, et al., “Overexpression of
ΔFosB transcription factor(s) increases bone formation and
inhibits adipogenesis,” Nature Medicine, vol. 6, no. 9, pp. 985–
990, 2000.
[58] M. Kveiborg, G. Sabatakos, R. Chiusaroli, et al., “ΔFosB in-
duces osteosclerosis and decreases adipogenesis by two inde-
pendent cell-autonomous mechanisms,” Molecular and Cellu-
lar Biology, vol. 24, no. 7, pp. 2820–2830, 2004.
[59] J.-H. Hong, E. S. Hwang, M. T. McManus, et al., “TAZ, a tran-
scriptional modulator of mesenchymal stem cell diﬀerentia-
tion,” Science, vol. 309, no. 5737, pp. 1074–1078, 2005.
[ 6 0 ]E .H u ,P .T o n t o n o z ,a n dB .M .S p i e g e l m a n ,“ T r a n s d i ﬀeren-
tiation of myoblasts by the adipogenic transcription factors
PPARγ and C/EBPα,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 92, no. 21, pp.
9856–9860, 1995.
[61] D. Holst, S. Luquet, K. Kristiansen, and P. A. Grimaldi,
“Roles of peroxisome proliferator-activated receptors delta
and gamma in myoblast transdiﬀerentiation,” Experimental
Cell Research, vol. 288, no. 1, pp. 168–176, 2003.
[62] S. E. Ross, N. Hemati, K. A. Longo, et al., “Inhibition of adi-
pogenesis by Wnt signaling,” Science, vol. 289, no. 5481, pp.
950–953, 2000.
[63] J. Liu and S. R. Farmer, “Regulating the balance between per-
oxisome proliferator-activated receptor γ and β-catenin sig-
naling during adipogenesis: a glycogen synthase kinase 3β
phosphorylation-defective mutant of β-catenin inhibits ex-
pression of a subset of adipogenic genes,” Journal of Biological
Chemistry, vol. 279, no. 43, pp. 45020–45027, 2004.
[64] H.S.K im,L.Liang,R.G.Dean,D .B .H ausman,D .L.H artz ell,
and C. A. Baile, “Inhibition of preadipocyte diﬀerentiation by
myostatintreatmentin3T3-L1cultures,”BiochemicalandBio-
physical Research Communications, vol. 281, no. 4, pp. 902–
906, 2001.
[65] J. N. Artaza, S. Bhasin, T. R. Magee, et al., “Myostatin inhibits
myogenesisandpromotesadipogenesisinC3H10T(1/2)mes-
enchymalmultipotentcells,”Endocrinology,vol.146,no.8,pp.
3547–3557, 2005.Louis Casteilla et al. 7
[66] B. J. Feldman, R. S. Streeper, R. V. Farese Jr., and K. R.
Yamamoto, “Myostatin modulates adipogenesis to generate
adipocytes with favorable metabolic eﬀects,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 103, no. 42, pp. 15675–15680, 2006.
[67] B. Cousin, O. Munoz, M. Andre, et al., “A role for preadi-
pocytes as macrophage-like cells,” FASEB Journal, vol. 13,
no. 2, pp. 305–312, 1999.
[68] C. Saillan-Barreau, B. Cousin, M. Andr´ e, P. Villena, L.
Casteilla, and L. P´ enicaud, “Human adipose cells as candi-
dates in defense and tissue remodeling phenomena,” Biochem-
ical and Biophysical Research Communications, vol. 309, no. 3,
pp. 502–505, 2003.
[69] G. Charri` ere, B. Cousin, E. Arnaud, et al., “Preadipocyte con-
version to macrophage: evidence of plasticity,” Journal of Bio-
logical Chemistry, vol. 278, no. 11, pp. 9850–9855, 2003.
[70] H. Xu, G. T. Barnes, Q. Yang, et al., “Chronic inﬂammation in
fat plays a crucial role in the development of obesity-related
insulin resistance,” Journal of Clinical Investigation, vol. 112,
no. 12, pp. 1821–1830, 2003.
[71] R. Walczak and P. Tontonoz, “PPARadigms and PPARadoxes:
expandingrolesforPPARγ inthecontroloflipidmetabolism,”
Journal of Lipid Research, vol. 43, no. 2, pp. 177–186, 2002.
[72] K. J. Moore, E. D. Rosen, M. L. Fitzgerald, et al., “The role
of PPAR-γ in macrophage diﬀerentiation and cholesterol up-
take,” Nature Medicine, vol. 7, no. 1, pp. 41–47, 2001.
[73] M. Ricote, A. C. Li, T. M. Willson, C. J. Kelly, and C. K. Glass,
“The peroxisome proliferator-activated receptor-γ is a neg-
ative regulator of macrophage activation,” Nature, vol. 391,
no. 6662, pp. 79–82, 1998.
[74] A. C. Li, C. J. Binder, A. Gutierrez, et al., “Diﬀerential inhibi-
tionofmacrophagefoam-cellformationandatherosclerosisin
mice by PPARα, β/δ,a n dγ,” Journal of Clinical Investigation,
vol. 114, no. 11, pp. 1564–1576, 2004.
[75] H.-J. Lim, S. Lee, K.-S. Lee, et al., “PPARγ activation induces
CD36 expression and stimulates foam cell like changes in
rVSMCs,” Prostaglandins and Other Lipid Mediators, vol. 80,
no. 3-4, pp. 165–174, 2006.